The tail of the equilibrium distribution of compound-nucleus shapes is shown to extend out to very deformed shapes even for a moderate excitation energy of 100 MeV. The standard Hauser-Feshbach formalism is extended to predict the decay of a deformed compound nucleus as a function of spin, spin projection, and excitation energy. The inclusion of the equilibrium distributions of shapes is found to have little effect on the predicted neutron and proton kinetic energy spectra, but for ␣ particles, the low-energy ''sub-barrier'' region of the spectrum is enhanced, in agreement with experimental data. Langevin simulations, using dissipation given by the wall formula, predict that compound nuclei start evaporating before the shape distribution equilibrates for excitation energies above ϳ100 MeV.
I. INTRODUCTION
The evaporation of light particles from excited compound nuclei is a well known decay process for excitation energies above the neutron separation energy. A number of statisticalmodel computer codes are available, based on either the Weisskopf formalism ͓1͔ valid for low spin or the HauserFeshbach formalism ͓2͔ valid for all spins, to follow the decay of compound nuclei ͑produced in either fusion, deep inelastic, or other reaction mechanisms͒ by a cascade of evaporated light particles. These codes are widely used in many areas of nuclear research to predict information about the evaporation residues and the multiplicity, energy, and angular distributions of the evaporated particles. One outstanding problem in the use of evaporation codes is that standard statistical-model calculations are unable to reproduce the large number of ''sub-barrier'' or low-energy ␣ particles emitted in heavy-ion induced fusion reactions. Numerous experimental studies ͓3-12͔ have found that the predicted peak in the ␣-particle kinetic-energy spectrum occurs at a larger energy than observed. Suggested explanations of this observation involve either the reduction of the barrier for ␣-particle emission or other sources of low-energy ␣ particles. Charity et al. ͓11͔ considered the emission of unstable clusters, such as 5 He fragments, which sequentially decay giving rise to ␣ particles whose kinetic-energy spectrum extends down lower in energy than the corresponding spectrum for directly emitted particles. Subsequent investigations for E*ϳ300 MeV 160 Yb compound nuclei ͓13͔ revealed that although this source does exist, its contribution to the total ␣-particle spectrum is too small to cause any significant change in the predicted peak energy. However, this extra source is responsible for a significant enhancement in the extreme ''sub-barrier'' region.
The barrier for charged-particle emission is a combination of the Coulomb barrier and a centrifugal barrier. In the statistical model, evaporation is generally associated with low centrifugal barriers, except when the level density has a very strong spin dependence, which occurs when the rotational energy increases steeply with angular momentum. This spin dependence favors decays for which the orbital angular momentum of the evaporated particle reduces the spin of the compound nucleus. If the rotational energy's spin dependence is particularly steep, this mechanism leads to the emission of ␣ particles with large orbital angular momenta and hence with significant centrifugal barriers. This situation occurs for the decay of light compound nuclei at high angular momentum where one can often obtain good fits to the experimental kinetic-energy spectra by modifications to the spin dependence of the rotational energy ͓14-16͔.
However, for heavier compound nuclei, modifications to the rotational energy have a much smaller effect as these systems have larger moments of inertia, i.e., the rotational energy increases more slowly with spin. In addition, for kinetic-energy spectra gated on evaporation residues ͓7,10-12͔ for which fission competition restricts the compoundnucleus spin to moderate values, the magnitude of the centrifugal barrier is already small and any attempt at fitting such data requires a modification of the Coulomb barrier. In principle, reduced Coulomb barriers can be a result of reduced nuclear density ͓7͔ or an increase in the surface diffuseness ͓17͔, however the most common approach to fitting experimental kinetic-energy spectra is to include into statistical-model calculations distributions of Coulomb barriers associated with a fixed deformation of the compound nucleus ͓3,5,6,10,12͔. Emissions associated with the lower Coulomb barriers populate the low-energy ''sub-barrier'' region, which lies below the peak in the kinetic-energy spectrum. If deformation is the correct explanation of the experimental data, it is important to understand the mechanism responsible for deforming the compound systems. This deformation may be a consequence of the fusion dynamics and evaporation might occur before the compound-nucleus shape relaxes to its equilibrium value ͓12,18,19͔ or the deformation may be an intrinsic property of the compound nucleus. It is the latter explanation which will be pursued in the work. Thermally induced shape fluctuations will give rise to an equilibrium distribution of compound-nucleus shapes which depend on the potential-energy surface and the excitation energy. Such shape fluctuations would seem to be an important ingredient in understanding the width of the giant dipole resonance in hot nuclei ͓20,21͔. Before other effects such as dynamics are invoked as the explanation, it is important to determine the equilibrium-shape distribution and its effect on the energy spectra of evaporated particles and whether this distribution can be attained before particles are evaporated. In this paper, a start to answering these questions will be made taking into account only spheroidal shapes. Chargedparticle emission will be considered only in the framework of the Hauser-Feshbach formalism. In the alternative transition-state formalism, the polarizing effect of the nascent charged particle determines the shape of the residual nucleus at the conditional saddle-point lowering of the Coulomb barrier compared to emission from a spherical system ͓22͔. Also, fluctuations around this conditional saddle-point configuration give rise to a distribution of Coulomb barriers which similarly influence the kinetic-energy spectrum ͓23͔.
The following section will be devoted to a theoretical description of the shape distributions. Section III will describe the formalism used to calculate the statistical decay from deformed systems. Examples of the predicted kinetic-energy spectra are given in Sec. IV. Section V is devoted to a discussion of Langevin simulations used to predict the excitation energy at which the shape distribution will equilibrate before evaporation commences. Statistical-model calculations are compared to experimental data in Sec. VI and the conclusions of this work are contained in Sec. VII.
II. SHAPE DISTRIBUTIONS
For spheroidal shapes, the deformation parameter will be taken as the relative quadrupole moment Q related to the radii, r ʈ and r Ќ , perpendicular and parallel to the symmetry axis by ͓24͔
where r 0 is the radius of the sphere with equivalent volume. The relative quadrupole moment is positive for prolate and negative for oblate deformations. The equilibrium distributions of Q and K, the projection of the system's spin J on the symmetry axis, for compound nuclei of excitation energy E* is
where the intrinsic excitation energy is
The factor of 1 2 in Eq. ͑2͒ results from symmetry considerations ͓25͔. In these equations, P Q is the canonical conjugate momentum to Q, and the K dependence of the intrinsic level density is ͓25͔
The quantities V and E k are the potential energy of deformation and the kinetic energy associated with changes in deformation, respectively. The collective rotational energy is
where I Ќ is the moment of inertia of the spheroid perpendicular to its symmetry axis and, for independent particle motion, I K is the rigid body moment of inertia parallel to the symmetry axis. The quantity a is the level-density parameter. For hot nuclei, shell effects are assumed to be washed out and hence liquid-drop deformation energies will be used. The liquid-drop deformation energy can be expressed in the following form ͓26͔:
where E s 0 and E c 0 are the surface and Coulomb energies for a spherical nucleus and B s and B c express the surface and Coulomb energies of a deformed nucleus in units of the respective spherical quantity. Myers and Swiatecki ͓27,28͔ determined the spherical energies from fitting ground-state masses as
MeV. ͑9͒
The functions B s and B c have been determined for spheroidal deformations by Beringer and Knox ͓29͔. The kinetic energy associated with changes in deformation is determined from the associated momentum P Q and an inertia parameter m(Q):
When shell effects are washed out, the hydrodynamical inertia from Ref. ͓24͔ is appropriate. To perform the integrals over momentum, is should be remembered that the intrinsic level density is a very rapidly rising function of excitation energy. Thus, only small values of E k will contribute significantly and it is useful to expand the level density as
where the nuclear temperature is defined by
For a Fermi-gas level density, the temperature can be expressed in terms of the level-density parameter a as T ϷͱU/a. With this approximation, the integration over the momentum coordinate in Eq. ͑3͒ yields
͑13͒
where the temperature, T(Q)ϭͱUЈ/a, is deformation dependent and now
Examples of the predicted shape distributions **(E*,J,Q) are shown in Fig. 1 for 160 Yb compound nuclei at Jϭ0 and 60ប and E*ϭ40, 100, and 300 MeV. The distributions extend over both prolate and oblate shapes. Their width increases as the excitation energy increases. However, their dependence on angular momentum is stronger. For Jϭ60ប, the distributions extend out to strongly deformed prolate shapes with their tails reaching the ''superdeformed'' Qϭ3.2 prolate shape ͑length of axes differ by a factor of 2͒. For very prolate shapes, the systems will become unstable to the fission degree of freedom and it is useful to try and exclude such fission-unstable configurations. To this end, the condition that the potential-plus-rotational energy be less than the value for the saddle-point configuration was applied, i.e.,
where E sad , the energy of the saddle-point configuration and its moments of inertia, I K sad and I Ќ sad , are taken from the calculations of Sierk ͓30͔.
It has often been assumed in the past that the typical shapes of hot, rotating compound nuclei are well described by the rotating liquid drop model ͓31͔ ͑RLDM͒, which minimized the sum of the potential and total rotational energies, the latter being the sum of the intrinsic and collective rotational energies:
The RLDM ground-state configurations are approximately oblate, except for the largest angular momenta, while the predicted distributions in Fig. 1 have somewhat larger yields for prolate deformations. Clearly, the RLDM groundstate configurations are not particularly representative of the overall equilibrium distribution, however their importance becomes more transparent when looking at the predicted joint distributions of Q and K. As an example, * is displayed as a contour plot in Fig. 2͑a͒ for the Jϭ60ប, E* ϭ100 MeV 160 Yb system. The potential-plus-rotational energy, which is plotted as a function of Q and K in Fig. 2͑b͒ , has two minima: one oblate for KϭJ and one prolate for Kϭ0. The oblate minimum at QϳϪ0.5 ͑the lowest of the two, but by only ϳ1 MeV) corresponds roughly to the RLDM ground-state configuration and is associated with the largest peak in the joint distribution ͓Fig. 2͑a͔͒. The prolate minimum is only stable because of the restricted shape degrees of freedom ͑it is unstable to ellipsoidal deformations ͓32,33͔͒. This prolate minimum is also associated with a peak in the joint distribution and there is a significant yield in the ridge joining the two peaks.
III. DECAY OF DEFORMED SYSTEMS
Given the equilibrium distributions of Q and K predicted in the preceding section, how do they affect the kineticenergy spectra of evaporated particles? In addressing this question, let us assume that the statistical decay width is independent of P Q . Further assume that Q remains unchanged during the evaporation process, i.e., both the parent and daughter have the same deformation. For any single compound nucleus, thermal shape fluctuations will give rise to changes in the decay width as the shape evolves with time, however for an equilibrium ensemble, the population and decay rate from a particular deformation will both be constant.
FIG. 1. Predicted probability distributions of the relative quadrupole moment Q for 160 Yb compound nuclei at excitation energies of 40, 100, and 300 MeV. The solid curves indicate the results for Jϭ60ប while the dashed curves were obtained for Jϭ0ប. The relative quadrupole moments for spherical and deformed shapes with major and minor axes that differ by a factor of 2 are indicated by the appropriately shaped figures.
A. Statistical formalism
Statistical decay widths are typically calculated for compound systems with significant spin using the HauserFeshbach formalism ͓2͔. A number of studies have incorporated deformation effects into this formalism. Modifications associated with transmission coefficients ͓3,8,16,34-36͔, deformed rotational energies ͓3,8,16,35͔, collective enhancement of level densities ͓37,38͔, and deformation-dependent separation energies ͓39͔ have been considered. However, none of these modifications allow one to calculate the decay from a particular K state. To permit this, the HauserFeshbach formalism has been extended by including the explicit summations over the projections of the angular momenta of the emitted particle and the daughter nucleus via Clebsch-Gordan coefficients ( j 1 , m 1 , j 2 , m 2 ͉ j,m), i.e., the modified decay width is
where the subscripts d and p refer to the daughter and parent nucleus, respectively. The quantities s, l, and j are the spin, orbital, and total angular momentum of the particle evaporated with kinetic energy ⑀ and E sep 0 is the separation energy for the removal of this particle. The transmission coefficients are averages over the surface of the nucleus and are now dependent on m, the projection of l on the symmetry axis ͑see Sec. III B͒. The thermal excitation energy of the daughter is
Note that the deformation energy of the daughter V d (Q) is different from that of the parent V p (Q). The difference between these has been combined by Lestone et al. ͓39͔ together with the separation energy to give a so-called deformation-dependent separation energy:
The effects associated with a deformation-dependent separation energy are already implicitly considered in Eq. ͑17͒ and E sep (Q) should not explicitly appear is this equation. The deformation dependence of the separation energy is plotted for neutron, proton, and ␣-particle removal from a 160 Yb system in Fig. 3 . As found in Ref. ͓39͔, the separation energy increases with deformation for charged particles, while it decreases slowly for neutrons.
For a spherical nucleus, the transmission coefficients are independent of m and the level density of the daughter is independent of K d . The summation of the Clebsch-Gordan coefficients over m and K d then gives unity and Eq. ͑17͒ reduces to the standard Hauser-Feshbach formalism valid for spherical systems.
FIG. 2. ͑a͒
Predicted joint distribution * of relative quadrupole moment Q and spin projection K obtained for Jϭ60ប, E* ϭ100 MeV 160 Yb compound nuclei. The contour interval for the solid contours is 10% of the maximum value of * and the dashed contour represents 5% of this maximum. ͑b͒ The predicted dependence of the potential-plus-rotational ͑intrinsic ϩ collective͒ energy for the same system with Jϭ0 and 60 ប for selected values of K.
FIG. 3.
Predicted deformation dependence of the separation energies for removing a neutron, a proton, and an ␣ particle from 160 Yb.
B. Transmission coefficients
For a deformed nucleus, the transmission coefficients should depend on m. For example, consider a prolate shape where the Coulomb barrier is lowest for emission from its tips and highest for emission at the waist. Classically the orbital angular momentum for emission from the tips must be perpendicular to the symmetry axis, i.e., mϭ0, whereas at the waist, all values of m are possible. One would therefore expect that, after averaging over the surface area, the barrier for mϭ0 emission is lower than for mϭl emission, and vice versa for an oblate shape. To estimate the l and m dependence of the transmission coefficients, the equivalent-spheres approximation ͓16,40͔ was modified. For each point on the surface of a deformed nucleus, in this approximation, transmission coefficients are calculated for an equivalent spherical system with the same radius r. Each set of spherical transmission coefficients is weighted by the element of surface area ds associated with that point on the nuclear surface and the average is then taken over the whole surface area. The dependence on m is obtained by noting that the orbital angular momentum at each point on the surface is classically perpendicular to the radius vector to that point. Taking this radius vector as a projection axis, we thus assign a quantum projection of mЈϭ0 for the orbital angular momentum relative to this axis. To relate the mЈ state associated with this projection axis to those m states associated with the symmetry axis, one must weight by the square of the quantummechanical rotation matrix r m,m Ј l () ͓41͔, where is the angle between the axes. With this extra weighting, and after some simplification, the transmission coefficients reduce to
where P l m is the Legendre function. The spherical transmission coefficients T l sphere (⑀,r) were calculated with the incoming-wave boundary-condition model ͓42͔ using real nuclear potentials from global optical-model fits for neutrons ͓43͔, protons ͓44͔, and ␣ particles ͓45͔. Examples of transmission coefficients calculated with this procedure are shown in Fig. 4 for the ␣ϩYb channel. It is clear for lϭ10 that there is a very strong m dependence when the deformation is large. Also it should be stressed that although these transmission coefficients are believed to contain the most important physics, they are only approximate. The averaging of spherical transmission coefficients over the surface area of the nucleus ignores multipole moments of the Coulomb field and the surface-curvature dependence of the nuclear field. Also as the Coulomb and nuclear forces are not central forces for a deformed system, the orbital angular momentum of the emitted particle is not a constant of motion. ͓A related effect, the rotation of the compound nucleus ͑for J 0) during the emission of the particle, was found in Ref. ͓46͔ to be small.͔ As such, these transmission coefficients should only be used to give approximate information as to the effect of deformation.
IV. KINETIC-ENERGY SPECTRA OF EVAPORATED PARTICLES

A. Dependence on Q and K
The new evaporation formalism discussed above has been incorporated into the Monte Carlo, statistical-model computer code GEMINI ͓47͔. In the following, examples of the Q and K dependence of the decay are illustrated for the E* ϭ100 MeV 160 Yb compound system with a level-density parameter of aϭA/10 MeV Ϫ1 . The Q dependence of the kinetic-energy spectra of first-chance protons, neutrons, and ␣ particles from a Jϭ0ប system is shown in Fig. 5 . The predictions for a spherical system are given by the dotted curves, while the solid and dashed curves were obtained for highly deformed prolate and oblate shapes, respectively, in both cases the major and minor axes differ by a factor of 2. The largest dependence on deformation is clearly observed for ␣ particles. The peak in their kinetic-energy spectrum moves down to lower energies as the deformation increases, a direct result of the increase in the transmission coefficients at these low kinetic energies ͑Fig. 4͒. At the higher kinetic energies where the transmission coefficients approach unity and are thus independent of Q, the emission probabilities are larger for the spherical system. The most important effect now is that the spherical system is hottest ͑no deformation energy͒ and for charged particles this is further enhanced because the spherical system also has the smallest separation energies ͑Fig. 3͒. FIG. 4 . Transmission coefficients calculated for the ␣ϩYb channel with orbital angular momenta of lϭ0 and 10 ប. The dotted curves are for a spherical compound system, while the solid and dashed curves were obtained with prolate and oblate deformations, where the major and minor axes differ by a factor of 2.
The dependence of the decay on K is shown for Jϭ60ប in Fig. 6 . The peaks in the ␣-particle kinetic-energy spectra again move down to lower energies as the deformation increases for all values of K. However, the shape of the spectra do show important dependencies on the spin projection. In understanding these differences, we need to expand on the discussion of the spin dependence of the rotational energy mentioned in Sec. I. Although for the 160 Yb system this spin dependence is not so large that it leads to a noticeable increase in the peak energy due to large centripetal barriers, it is still responsible for a spin enhancement in the yield of heavy fragments, such as ␣ particles, which can remove significant angular momentum from the decaying system. The magnitude of this spin enhancement depends again on the slope of the rotational energy's spin dependence and also on the transmission coefficients. The rotational energies are plotted in Fig. 7 for the oblate and prolate shapes with K ϭ0 and KϭJ. The slope is largest with Kϭ0 for oblate shapes and with KϭJ for prolate shapes. Ignoring the effects of the transmission coefficients, one might expect these two configurations to have the largest ␣-particle yields. However, this is only true for the oblate configuration. Now the compound-nucleus spin is most efficiently removed by an evaporated ␣ particle if mϭ0 for the Kϭ0 case and mϭl for the KϭJ case. Thus, the extra enhancement for the K ϭ0 oblate case is tempered at low kinetic energies by the reduced transmission coefficients for mϭ0 ͑see Fig. 4͒ .
It is important to note that for the oblate case, the transmission coefficients, for all m values, are non-negligible down to low kinetic energies, although their relative magnitude may be quite different. For prolate deformations, on the other hand, this is not the case. The transmission coefficients for mϭl are only significant at high kinetic energies ͑see Fig. 4͒ . This fact is very important for the KϭJ prolate configuration which has the largest J dependence of the rotational energy ͑Fig. 7͒. The expected spin enhancement is not observed at low and medium kinetic energies as the FIG. 5 . Predicted kinetic-energy spectra of first-chance neutrons, protons, and ␣ particles evaporated from E*ϭ100 MeV, J ϭ0ប
160 Yb compound systems with three different deformations. The dotted curves are for a spherical compound system, while the solid and dashed curves were obtained with prolate and oblate deformations, where the major and minor axes differ by a factor of 2.
FIG. 6. Predicted first-chance ␣-particle kinetic-energy spectra for E*ϭ100 MeV, Jϭ60ប
160 Yb compound systems with spherical, prolate, and oblate deformations. The deformed systems have major and minor axes which differ by a factor of 2. Calculations where the initial rotational state is purely collective (Kϭ0) or purely intrinsic (KϭJ) are indicated by the solid and dashed curves, respectively. FIG. 7. Spin dependence of the total rotational energy ͑collec-tive plus intrinsic͒ for the oblate and prolate shapes used in the calculations shown in Fig. 6 . Curves are shown for both Kϭ0 ͑solid͒ and KϭJ ͑dashed͒. However, the prolate Kϭ0 and the oblate KϭJ curves overlap.
transmission coefficient for high m values are almost zero and prevent the removal of significant angular momentum by ␣-particle emission. It is only at the highest kinetic energies that a significant spin enhancement is achieved and the yield for KϭJ becomes larger than the Kϭ0 prolate prediction. The larger ''temperature'' which characterizes the slope of the high-energy tail of the kinetic-energy spectrum for the KϭJ prolate case is thus explained as a progressive increase of the spin enhancement with kinetic energy and is not a consequence of the initial temperature of the compound nucleus. In fact, the initial temperature for this configuration is the smallest of all the examples in Fig. 6 as its potentialplus-rotational energy is largest.
The dependence of the energy-integrated first-chance ␣-particle emission probability on K is shown in Fig. 8 . The ␣-particle probability is clearly enhanced by deformation no matter what the value of K is. Oblate collective rotations (Kϭ0) are responsible for the greatest enhancements while prolate intrinsic rotations (KϭJ) have the lowest enhancements. However, these two configurations are not well represented in the equilibrium Q-K distributions ͑Sec. II͒.
B. Averages over Q and K distributions
First-chance kinetic-energy spectra, averaged over the equilibrium distributions of Q and K, are shown for the E* ϭ100 MeV 160 Yb system in Fig. 9 ͑solid curves͒. For comparison, the dashed curves show the results of more standard statistical-model calculations using only spherical transmission coefficients and rotational energies from the calculations of Sierk ͓30͔. For Jϭ0ប systems, the effect of averaging over the equilibrium distribution is not large, the only significant change being a small enhancement for ''sub-barrier'' ␣ particles. For the higher compound-nucleus spin, this enhancement is much larger and the peak position occurs at an energy ϳ2 MeV lower in value compared to the standard calculation. The reasons for the large spin dependence of this enhancement can be inferred from Fig. 10 , where the equilibrium Q-K distribution ͓Fig. 10͑a͔͒ is compared to the   FIG. 8 . Predicted first-chance ␣-particle emission probability for E*ϭ100 MeV 160 Yb compound nuclei at Jϭ60ប. Curves are shown giving the K dependence of the probability for prolate, oblate, and spherical deformations. The oblate and prolate deformations have major and minor axes which differ by a factor of 2.
FIG. 9. Predicted kinetic-energy spectra for first-chance evaporation of neutrons, protons, and ␣ particles from E*ϭ100 MeV 160 Yb compound nuclei with spins of 0 and 60 ប. The solid curves were obtained from the predicted equilibrium distributions of Q and K, while the dashed curves are from a more standard calculation with spherical transmission coefficients.
FIG. 10. Predicted joint distributions of Q and K for E* ϭ100 MeV, Jϭ60ប 160 Yb compound nuclei. ͑a͒ Equilibrium distribution. ͑b͒ The same distribution, but also with the requirement that the system decays by ␣ emission. ͑c͒ With the extra requirement that the system decays by the emission of a low-energy ␣ particle (⑀ ␣ Ͻ18 MeV).
same distribution with the extra condition that an ␣ particle was emitted ͓Fig. 10͑b͔͒, and where this ␣ particle has a low kinetic energy, ⑀ ␣ Ͻ18 MeV ͓Fig. 10͑c͔͒. Both Figs. 10͑b͒  and 10͑c͒ show an increase in the relative number of highly deformed prolate systems. The enhancement of low-energy ␣ particles is thus largely attributed to these highly-deformed prolate systems which become more probable at larger compound-nucleus spins ͑see Sec. II͒. Figure 10͑c͒ suggests that the detection of a low-energy ␣ particle could be used to experimentally select out highly deformed prolate systems. However, it is not clear whether this deformation will be preserved at subsequent decay steps ͑Sec. V͒.
Further enhancements of the sub-barrier ␣ particles are possible if a surface-area dependence of the level-density parameter is assumed. This increases the relative probability of highly deformed shapes, which have larger surface areas. Calculations were performed using the level-density parameter of Ignatyuk et al. ͓48͔ , however the extra sub-barrier enhancement was quite modest. Given the other uncertainties in calculating the sub-barrier enhancement, it was decided not to pursue this effect in the present work.
V. LANGEVIN SIMULATIONS
An important consideration before comparing predicted spectra to data is whether the time required for the equilibrium distribution to develop is shorter than the typical time for evaporation. If this is not the case, evaporation will, on average, occur before the equilibrium distribution is established. There are three time scales to consider; first the evaporation time ev ; next the time required for the build up of shape fluctuations; and finally the dynamical time associated with the fusion reaction. As an example of the latter, consider the fusion reaction of 64 Niϩ
96
Mo. The evolution of shapes leading to a fused system can be followed with the code HICOL ͓49͔ which calculates the dissipation of energy with the wall-plus-window formula of Ref. ͓50͔. The window formula is valid early in the collision when there is still a ''neck'' connecting the targetlike and projectilelike fragments and involves the transfer of nucleons between these fragments. In the wall formula, dissipation is mediated through interactions of the moving walls of the nucleus with the nucleons striking it; the rate of energy loss is given by ͓50͔
where m is the mass density, v f is the Fermi velocity, and v n is the normal velocity of the surface. The results of the fusion simulation performed with HICOL for a bombarding energy of E/Aϭ5 MeV and with zero impact parameter are shown in Fig. 11 as the temporal evolution of Q and the dissipated thermal excitation energy U. In this calculation, there is an extremely short period of less than 0.5 zs when most of the energy is dissipated, after which a deformed mononuclear configuration is formed with deformation Q HICOL . Subsequently, the quadrupole moment slowly diminishes as the shape evolves towards sphericity.
Within our spheroidal approximation, the dynamics of this latter motion can also be followed. The equation of motion is
where the friction coefficient (Q) is determined from the wall formula ͓Eq. ͑23͔͒ ͓24͔:
The friction predicted by the wall formula is very large and the rate of change of the deformation rapidly reaches its ''terminal velocity'':
The dashed curves in Fig. 11 show the predictions of the above equation using as an initial deformation the value predicted by the HICOL code after the rapid-dissipation period Q HICOL . The results of this spheroidal approximation and of the HICOL simulations are in excellent agreement and Q decays approximately exponentially with a time constant of 3.2 zs. Next consider the time scale for the build up of fluctuations which are ignored in Eq. ͑24͒ and the HICOL simulations. If we make the most simplistic assumptions that the motion is Markovian and use the Einstein equation ͑relating the magnitude of the fluctuations and dissipation͒, the motion can be described with the following Langevin equation: FIG. 11 . Predicted time evolution of the relative quadrupole moment Q and dissipated energy U for the E/Aϭ5 MeV 64 Ni ϩ 96 Mo reaction at zero impact parameter. The solid curves were obtained from the HICOL code and the dashed curves from a spheroidal approximation ͑see text͒.
͑27͒
The last term is associated with a fluctuating force where
͗(t)͘ϭ0 and ͗(t)(tЈ)͘ϭ2␦(tϪtЈ).
It is assumed that the initial period of rapid dissipation is too short a time for significant fluctuations to develop and hence all Langevin simulations were started with the same deformation Q HICOL . After performing many simulations, the evolution of ͗Q(t)͘ and Q (t), the mean and standard deviation of the Q distributions, is calculated. Examples are shown for E/Aϭ5 and 10 MeV 64 Niϩ
96
Mo reactions ͑zero impact parameter͒ in Fig. 12 . In this figure, note that the initial deformation Q HICOL decreases at higher bombarding energies. Also in both examples, the fluctuations build up very quickly ͑within a couple of zs͒ after which the standard deviation is very close to its equilibrium value. The limiting time is therefore not the time required to build up the fluctuations, but the dynamical time required to bring the mean deformation to its equilibrium value. A dynamical time dyn will be defined as the time required to bring the mean deformation to within Q (ϱ)/2 of the equilibrium value, i.e.,
This dynamical time is reaction dependent and for the example reaction it decreases with bombarding energy due to the decreasing value of Q HICOL . For very asymmetric entrance channels, the initial deformation will be much smaller and the time required to equilibrate the shape degrees of freedom will be limited by the fluctuations. Another related time is that required for systems to ''forget'' their deformation. This is of interest if one is looking for correlations in deformations between different evaporation steps once the equilibrium distribution is attained. To investigate this, it is useful to look at the two-time correlation function,
where Q and QЈ are the deformations at the two times t and tЈ, respectively. The correlation function was determined from a Langevin simulation averaging over all times (ӷ dyn ) and is plotted as a function of ⌬tϭ͉tϪtЈ͉ in Fig.  13 . The correlation function is almost independent of excitation energy, a result which is due to the cancellation of two effects; diffusion is faster at higher temperatures, but the width of the equilibrium distribution also increases. As correlations decrease approximately exponentially with time, the time constant c of this decay will serve as a measure of the correlation time ͑3.0 zs in these simulations͒. The time scales dyn and c are plotted as a function of excitation energy in Fig. 14͑a͒ and compared to the evaporative time scale ev ϭប/⌫ tot (⌫ tot is the total decay width͒. The solid and dashed curves were calculated for leveldensity parameters of A/10 and A/8 MeV Ϫ1 , respectively. The evaporative time scales change very rapidly with excitation energy and, compared to this, the difference between dyn and c is not very important. For E*Ͼ100 MeV, ev Ӷ dyn , c and significant evaporation will occur before the equilibrium distribution becomes established. As the correlation time also serves as an estimate of dyn , let us use the excitation energy E c * for which ev ϭ c as an indication of the point at which evaporation occurs before the collective degrees of freedom are equilibrated. This quantity is plotted in Fig. 15 as a function of mass number for two level-density parameters (A/8 and A/10 MeV Ϫ1 ). No major dependence on compound-nucleus mass is seen. For symmetric entrance channels, this excitation energy will be slightly smaller as dyn Ͼ c . So far shape fluctuations have only been discussed for systems with zero spin. For finite angular momentum, one must also consider fluctuations in K. Unfortunately, the magnitude of K fluctuations is not well known. When calculating fission-fragment angular distributions it is usually assumed that the equilibrium K distribution is achieved for the saddlepoint configuration, but subsequently K remains frozen during the descent from the saddle to the scission point. This dichotomy between K relaxation as one crosses the saddle point must be a consequence of either different time scales of the motion on either side of the saddle point or a decrease in the K relaxation rate with deformation. Close to sphericity, the symmetry axis and K become less well defined leading to a rapid randomization of K. Thus a deformation dependence of the K relaxation rate is expected. Even if K remains frozen for any appreciable deformation, the rapid relaxation of K at sphericity may be the controlling factor for the total equilibrium time scale. To illustrate this, Langevin simulations were performed where K remains fixed, except when Q passes through zero, at which point the value of K is randomized. The corresponding two-time correlation functions for Q and K obtained for Jϭ60ប
160
Yb systems are presented in Fig.  16 . Unlike the Jϭ0ប result ͑Fig. 13͒, the correlation function now depends on excitation energy. The Q and K correlation functions have similar, but not identical, behavior for a particular excitation energy, but the correlation time of both decreases slowly with increasing excitation energy. This correlation time c is compared to the evaporation time scale in Fig. 14͑b͒ . One should note that this value of c is a maximum value; if there are significant K fluctuations at large deformation, then the actual value will be smaller. However, it cannot be significantly smaller as the time scale is limited by the Q fluctuations and thus the time scale should be larger than the value of c for Jϭ0ប ͓Fig. 14͑a͔͒. The excitation energy E c * where collective nonequilibrium effects first become important is again ϳ100 MeV even if there is significant K relaxation at large deformations. Values of E c * determined for 160 Yb and 100 Rh systems as a function of spin are plotted in Fig. 17 . This figure also indicates that E c * is approximately 100 MeV with no great dependence of compound-nucleus mass or spin except for spins around 55ប in the 100 Rh system where E c * suddenly drops in value and approaches the yrast line. In fact, for spins above 55ប, there is no excitation energy region where the evaporation time scale is larger than the correlation time in the 100 Rh system. The reason for this behavior can be understood from Fig. 18 , which shows the predicted Q-K equilibrium distribution for the Jϭ55ប, E*ϭ100 MeV 100 Rh system. The peaks in the distribution for prolate and oblate shapes observed in Fig.  2͑a͒ are still present, but the ridge connecting them is con- siderably diminished. This narrow connecting region between these two main parts of the distribution represents a ''bottleneck'' which retards the onset of equilibrium between the oblate and prolate regions. To diffuse across this bottleneck one must overcome the ϳ4 MeV barrier separating them at Jϭ55ប. This barrier also increases with increasing spin. The other important barrier, the fission barrier, which retards the prolate group from fissioning is 11 MeV at 55ប ͓30͔ and so escape across this barrier is less probable and evaporation would still be the dominant decay mode up to spins of 59ប, where the neutron separation energy and the fission barrier are equal. In the narrow angular-momentum region, 55-59 ប, the above calculations would suggest that evaporation would be mostly from the prolate group which is directly populated by the heavy-ion induced fusion reactions in the HICOL simulations. However, it is not clear whether this bottleneck exists in reality. One can change from a prolate to an oblate deformation without passing through sphericity, as we are forced to with only the spheroidal degree of freedom. Whether diffusion along triaxial degrees of freedom is fast enough to equilibrate the entire shape degrees of freedom before evaporation occurs remains to be seen. For heavier systems, such as the 160 Yb, no similar angularmomentum window is predicted as the bottleneck occurs at larger spins where the fission barrier is very small.
Apart from this angular-momentum window discussed above, nonequilibrium collective effects are predicted to occur at approximately a constant excitation energy with little dependence on spin. As such, they might well be observed from the evolution of the ␣-particle spectra with bombarding energy. The exact value at which these effects first occur is dependent on the magnitude of the dissipation. If the wall formula significantly overestimates nuclear dissipation as suggested by Griffin and Dworzecka ͓51͔, both dyn and c will be smaller and E c * will be larger. Experimental studies of the entrance-channel dependence of statistical GDR gamma and charge ␣-particle emission ͓52,18͔ have suggested the dissipation is even larger, which would imply the value of E c * is smaller. Experimental determination of E c * should permit the magnitude of the dissipation to be deduced.
The time scale for the equilibrium of the shape degrees of freedom is strongly related to the predictions of transient fission decay widths. The equilibrium fission decay rate used in statistical-model codes is applicable only after the distribution of shapes has equilibrated. A number of theoretical studies ͓53-55͔ have followed the diffusion probability current over the fission barrier when the initial distribution is concentrated near the minimum in the potential-energy surface. Not surprisingly, due to the initial condition, these studies find the fission rate is initially suppressed approaching the equilibrium fission rate only at larger times. This predicted behavior has given rise to the concept of a fission delay which may be important in explaining the large fission time scales measured experimentally ͓56͔. The standard equilibrium decay rates are valid for B f ͑fission barrier͒ ӷT, and in such cases the saddle-point deformation is large compared to the typical shapes described by the equilibrium distributions for which V(Q)ՇT. As longer diffusion times will be required to populate the larger deformations, for the assumed initial condition the fission delay time should be longer than c . However, given the rapid build up of the fluctuations compared to the dynamics of the mean deformation in the Langevin simulations, it is not clear that the assumed initial condition is appropriate for all reactions. For more symmetric fusion reactions, the initial condition consistent with the previous discussions is a large deformation possibility closer to the saddle-point configuration rather than the minimum in the potential-energy surface. In such a scenario, the fluctuations may lead to transient fission enhancements.
VI. COMPARISON TO EXPERIMENT
In this section, calculated multichance kinetic-energy spectra will be compared to experimental data measured in coincidence with evaporation residues. In the GEMINI Monte Carlo simulations, values of Q and K are chosen from the appropriate equilibrium distributions at each step in the evaporation cascade. Otherwise, the values of Q and K at different steps are assumed to be uncorrelated. At each step, an evaporated particle and its kinetic energy are selected in a Monte Carlo fashion from the probabilities calculated with the chosen values of Q and K. ␣-particle kinetic-energy spectra were constructed from all ␣ particles emitted in evaporation cascades that produce evaporation residues. When making comparisons to experimental data, it is important to remember the limitations of these calculations. First, the approximate nature of the method used to calculate the transmission coefficients has already been stressed in Sec. III B. Even if more accurate transmission coefficients are available, only the spheroidal shape degree of freedom has been considered in these calculations. When ellipsoidal shapes are allowed, the Coulomb-barrier distribution is additionally enhanced for low-energy barriers; this would further increase the yield in the ''sub-barrier'' region ͓33͔. In spite of these limitations, it is useful to determine whether these present calculations predict a sub-barrier enhancement of the right order and whether extra enhancements are required at higher excitation energies indicating that collective preequilibrium effects are at play. It was decided to restrict the comparison to experimental data with AϾ150. For lighter systems, the neck degree of freedom is of increasing importance at the saddle-point configuration ͓38͔ and the simple spheroidal shape parametrization, which lacks this degree of freedom, is probably inadequate for the larger prolate-like deformations. Also due to the angular-momentum dependence of the predicted subbarrier enhancement, it was decided to restrict comparison to ␣-particle spectra ͑residue gated͒ where also the evaporation residue cross sections have been measured. The experimental evaporation-residue cross sections allow one to restrict the range of compound-nucleus spins contributing to ␣-particle emission. With these considerations, data from the reactions listed in Table I were selected for comparison. In all cases, except the CϩSm reaction, l waves contributing to residue production are limited by fission competition at the higher spins. The statistical fission parameters needed to fit the residue cross sections were taken from the values fitted by the authors of the studies referenced in Table I . These parameters also allowed adequate reproduction of the measured cross sections in the present calculations. Also included in Table I is the NeϩNd reaction of Ref. ͓6͔ for which the ␣-particle spectra are gated on high gamma-ray multiplicities selected to remove contributions from other reaction mechanisms besides fusion evaporation. The fission parameters in this case were taken from the NiϩMo reaction ͓11͔, which produces a very similar compound nucleus. For the CϩSm reaction, the measured residue cross section was used to restrict the fusion l-wave distribution in the same manner as in Ref.
͓12͔.
Level-density parameters were varied from A/8 to A/13 MeV Ϫ1 with increasing A ͑see Table I͒ to approximately reproduce the high-energy slopes of experimental ␣-particle spectra. This dependence is itself interesting and may be an artifact of using a temperature-independent leveldensity parameter. Better reproduction of the slopes of the spectra at high energies could be obtained with temperaturedependent level-density parameters ͓10͔, however it was decided not to introduce such an effect at present so as not to add confusion as to the importance of the different modifications, but to concentrate on reproducing the subbarrier region. For all of the experimental data sets studied, the authors were unable to reproduce the experimental ␣-particle spectra in the sub-barrier region with standard statisticalmodel calculations using spherical transmission coefficients ͑even with temperature-dependent level-density parameters͒. The predicted ␣-particle multiplicities are compared to experimental values in Table I and the predicted shapes of energy spectra ͑solid curves͒ are compared to the experimental data in Figs. 19-24 . The predicted spectra have been normalized to give the same maximum yield as the experimental data to focus our attention on the differences in the shapes of these spectra. To show the magnitude of the subbarrier enhancements, more standard calculations using spherical transmission coefficients and Sierk's rotational energies were performed and the results are also listed in Table  I and are indicated by the dashed curves in the figures. The predicted multiplicities are in good agreement with the experimental values. The calculations including the equilibrium distributions of shapes predict higher multiplicities and, overall, are in better agreement with the data, but the sensitivity of the multiplicities to the nuclear shape is not that great. However, the largest difference between the two calculations is the sub-barrier enhancement that is produced when the equilibrium distribution of shapes is included. The magnitude of this enhancement can be gauged by the differences between the solid and dashed curves.
First, let us focus our attention on reactions with asymmetric entrance channels (A proj Ͻ20) shown in Figs. 19-23 . The compound-nucleus excitation energies for these systems are 135 MeV or less and the calculations reproduced the experimental data exceedingly well. Although the extent of this agreement may be somewhat fortuitous, given the limitations discussed above, the magnitude of the sub-barrier enhancement is of the right order. In addition, the spectra gated on gamma-ray multiplicity in Fig. 20 confirm the predicted increase of this enhancement with increasing spin. In this figure, the experimental spectra gated on low (k ␥ ϭ11-14) and high (k ␥ ϭ27-33) gamma-ray multiplicities are plotted. The detected multiplicity is related to the spin of the residue J r after the termination of the particle evaporation cascade.
To compare with experimental data, we have used the relationship ͗k ␥ ͘ϭJ r /2ϩ5.3 ͓57͔ to gate the statistical-model predictions. The predicted increase in the sub-barrier enhancement with spin is again correctly reproduced.
These comparisons with the experimental data give no indication for the need of any extra sub-barrier enhancement associated with collective nonequilibrium emissions at the highest excitation energies. To look for such effects it is FIG. 19 . Comparison of experimental and predicted ␣-particle kinetic-energy spectra in coincidence with evaporation residues produced in the 12 Cϩ 144 Sm reaction ͑see Table I͒ . The prediction, indicated by the solid curve, was obtained including the equilibrium shape distributions at each step of the decay. The dashed curve is a more standard prediction using spherical transmission coefficients. The excitation energy of the compound nucleus is indicated. Fig. 19 , but now the data are from the 20 Neϩ 150 Nd reaction and the spectra are gated on the measured gamma-ray multiplicity (k ␥ ). The relative normalization of the different k ␥ -gated spectra is arbitrary. useful to examine more asymmetric entrance channels and higher excitation energies where these effects should be larger. The data from the NiϩMo reaction in Fig. 24 are most suitable in this regard as it covers the largest range of excitation energies. At the lowest excitation energy ͑101 MeV͒, the predicted enhancement of sub-barrier ␣ particles is again of the right order. However, for the higher excitation energies, substantially larger enhancements are needed to reproduce the data. Some of this extra enhancement will come from the decay of evaporated 5 He and other unstable clusters. However, in the E/Aϭ11 MeV 60 Niϩ 100 Mo reaction (E*ϭ300 MeV), this component is only dominant for ␣-particle kinetic energies below 10 MeV and cannot explain the yield near the peak of the spectra ͓13͔. Possibly, the inclusion of other shape degrees of freedom which are excited at high excitation energies may contribute to a further enhancement. However, from the discussion in Sec. V, it would not seem unreasonable that for excitation energies of 170 MeV and larger, some evaporation occurs before the shape degrees of freedom are fully equilibrated. The HICOL simulations for large l-waves populate the prolate Kϭ0 minima ͓Fig. 2͑b͔͒ and thus it is expected that the preequilibrium shape distributions will be weighted towards these prolate shapes which are responsible for most of the subbarrier enhancement ͑Sec. IV B͒. Thus, the increased experimental enhancement at the larger excitation energies is qualitatively consistent with collective preequilibrium evaporation. Some confirmation of this suggestion comes from a comparison of the OϩSm and NiϩMo reactions in Ref. ͓11͔ which were matched to 170 MeV of excitation energy. The measured residue-gated ␣-particle spectra from these reactions both show some extra sub-barrier enhancement compared to the present calculations. However, this enhancement is larger for the NiϩMo reaction, consistent with the HICOL predictions of larger initial prolate deformations for the more symmetric entrance channel.
FIG. 20. Same as for
Liang et al. ͓12͔ have interpreted an entrance-channel dependence of the hardness of experimental proton and ␣-particle spectra as evidence for collective preequilibrium emissions. The reactions studied were excitation energy and similar spin distributions. More symmetric entrance channels have larger initial deformations in the HICOL simulations and thus are expected to have lower initial thermal excitation energies. The initially cooler Ni ϩZr compound system is thus expected to have softer spectra, as observed. The magnitude of this effect is consistent with HICOL simulations ͓12͔. However, the possibility of significant nucleonic preequilibrium emission ͑at large angles͒ for the CϩSm reaction could also account for the observed differences. As further support for this latter interpretation, the sub-barrier region of the experimental ␣-particle spectra shows no significant entrance-channel dependence and is well accounted for in the present calculations ͑Fig. 19͒. This is unlike the results for the higher excitation energy OϩSm and NiϩMo reactions discussed above.
Clearly, more systematic experimental studies of the evolution of ␣-particle spectra with excitation energy and entrance-channel asymmetry are called for. In addition to this, it is important to obtain theoretical estimates for the magnitude of the extra sub-barrier enhancement associated with collective preequilibrium emissions. This task could be accomplished by adding evaporation to Langevin simulations similar to those discussed in this work. It is also of interest to determine the excitation-energy dependence of this extra enhancement which is not clear at present. Although the amount of collective preequilibrium ␣-particle emission should increase with excitation energy, the initial fusion deformation decreases with increasing bombarding energy in the HICOL simulations. A better understanding of the evolution of ␣-particle spectra with excitation energy might allow the strength of nuclear dissipation to be deduced.
As already mentioned, the inclusion of the equilibrium shape distribution has little effect on the predicted proton and neutron spectra. Within the statistics of the GEMINI Monte Carlo simulations, it is difficult to discern any difference between the neutron spectra calculated with and without the inclusion of the equilibrium shape distributions and only minor differences were obtained for protons. Therefore, all conclusions made in Refs. ͓10-12͔ concerning the experimental proton spectra for the reactions in Table I still hold. In some cases a modest enhancement of the sub-barrier protons would improve agreement with the experimental data. However, given the insensitivity of the calculations to deformation, the explanation of this effect would seem to lie elsewhere.
For all but the two heaviest compound systems ( Pb reactions͒ the evaporation residues are predicted to lie close to the evaporation attractor line ͓58͔ at which proton and neutron decay rates are similar at all excitation energies. In the GEMINI simulations for these systems, low-energy ''sub-barrier'' protons are mostly lastchance evaporation and thus shell and structure effects may be important in explaining their yields. For the heavy systems, the residues are more neutron rich compared to the attractor line and at low excitation energies practically only neutrons are evaporated. Consequently, almost all protons are evaporated early in the decay cascade. Shell and structure effects should be less important for these systems and good agreement between the experimental and calculated proton spectra is obtained ͓10͔.
VII. CONCLUSION
Thermal fluctuations give rise to an equilibrium distribution of compound-nucleus shapes and spin projections. A full understanding of the evaporative decay probabilities of compound nuclei requires a knowledge of how these quantities affect the statistical decay width. In this work, the equilibrium distributions have been determined for spheroidal shaped nuclei. Both prolate and oblate shapes are populated, but at high spins the overall nature of the distribution is somewhat more prolate with the tail of the distribution extending out to very deformed ͑axis ratio of 2:1͒ shapes even for moderate excitation energies. The Hauser-Feshbach formalism has been extended to describe the dependence of the decay width on the quadrupole deformation and the spin projection K. In general, deformation increases the probability for ␣-particle emission; the exact extent depends on the value of K. When averaged over the equilibrium distributions, the increased ␣-particle probability is preferentially for low kinetic energies, enhancing the ''sub-barrier'' region compared to standard calculations using spherical transmission coefficients. The effect on predicted neutron and proton kinetic-energy spectra is much smaller. The magnitude of the sub-barrier ␣-particle enhancement is larger for high-spin systems, the largest contribution coming from highly deformed prolate shapes.
In general, as the excitation energy increases, one should observe collective preequilibrium effects associated with evaporation before the distributions of shape and spin projection have thermalized. The time scale for thermalization has been explored with Langevin simulations, using the dissipation strength predicted by the wall formula of Ref. ͓50͔ . From these simulations, the shape and spin-projection distributions will become thermalized before significant evaporation occurs if the excitation energy is ϳ100 MeV or less. However, if the dissipation strength is smaller, then this maximum excitation energy will be larger. At higher excitation energies, collective preequilibrium emission will occur until the system cools down below this maximum excitation energy. Based on the predictions of the dynamical code HI-COL ͓49͔, we expect the preequilibrium shape distribution to emphasize large prolate shapes for heavy-ion induced fusion reactions and this will further increase the predicted enhancement of sub-barrier ␣ particles.
A preliminary comparison of predicted ␣-particle kineticenergy spectra with experimental data from asymmetric collisions with excitation energies less than 135 MeV indicates that the inclusion of the equilibrium shape distributions produces a sub-barrier ␣-particle enhancement of the correct order. Data from more symmetric entrance channels give indications that collective preequilibrium ␣-particle emission is occurring at excitation energies above 100 MeV, however a quantitative understanding of these data is not available at present. Further experimental and theoretical studies are needed and these may allow the strength of nuclear dissipation to be deduced.
